Resting organisms of Shigella jlexneri 3 were able to synthesize protein and nucleic acids in a chemically defined medium. Protein synthesis was markedly inhibited while ribonucleic acid (RNA) synthesis was stimulated by low concentrations of chloramphenicol ; deoxyribonucleic acid synthesis was inhibited slightly. Neither glycine, L-phenylalanine nor L-tyrosine annulled the action of the antibiotic. Inhibition of protein synthesis and stimulation of RNA synthesis in resting organisms of a chloramphenicol-resistant mutant of S. jexneri 3 was observed only in the presence of high concentrations of chloramphenicol. The results presented in this papcr show that chloramphenicol suppresses the growth of S . j l e x w i 3 by inttdering with the synt1,esis of protein. The stimulation of RNA synthesis suggests that chloramphenicol may exert its inhibitory action by promoting the formation of RNA with altered biological activity.
INTRODUCTION
The exact biochemical nature of the mode of action of chloramphenicol on bacteria is not yet known. Investigations have shown the compound is a strong inhibitor of protein synthesis (Gale & Folkes, 1953 Bernlohr 62 Webster, 1958) . However, there is a lack of agreement about the effect of the drug on nucleic acid synthesis. Gale & Folkes (1953) showed that chloramphenicol stimulated nucleic acid production in Staphylococcus aureus. Wisseman d al. (1954) observed no effect in E s c b ichia coli strain B. Harrington (1958), on the other hand, reported that a slight enhancement of nucleic acid synthesis accompanied the chloramphenicol inhibition of protein synthesis in E. coli strain B. Pardee 6t Prestidge (1956) also with E. coli strain B found that low concentrations of the chloramphenicol did not suppress the production of nucleic acid, whereas high concentrations markedly inhibited the formation of deoxyribonucleic acid (DNA), and, to a lesser extent, ribonucleic acid (RNA). With Azotobacter agilis, Bernlohr & Webster (1958) showed that high concentrations of chloramphenicol markedly depressed protein, DNA and RNA synthesis while lower amounts inhibited only protein and DNA production.
Although chloramphenicol is of major importance in the therapy of shigellosis, studies on its effect on the metabolism of shigellas have not as yet been reported. An investigation has been begun to determine the mechanism of chloramphenicol action in a strain of Shigellajlemeri 8. The effects of chloramphenicol on protein and in particular nucleic acid synthesis by this organism in a chemically defined medium has been studied and the results are presented in this paper. Cultures. Shigdla$ezneri 3 strain €3-1003 was used. The origin of the organism and the maintenance of the reference stock culture were described previously (Pan, Yee & Gezon, 1957) . The growth of this strain was inhibited by 2-4pg. chloramphenicol/ml. as determined by the tube dilution method. The Szybalski gradient plate technique (Bryson & Szybalski, 1952) was used to isolate a chloramphenicol-resistant mutant of strain B-1003. Growth of the mutant was inhibited by 50-60 pg. chloramphenicol/ml.
Cultivation of organism. The organisms were cultured in a defined medium (DM) containing the following g./l. medium: 3.53 KH,PO,; 5.78 N+HPO,; 5.00 NaCl; 0.24 MgS04.7H,0; 2.50 D-glucose as an energy and carbon source; 2-50 NH,&PO, as sole nitrogen source. The medium also contained 0.01 pg. nicotinamide/ml. This defined medium will be referred to as ammonium phosphate DM. For metabolic experiments, a loopful of growth from an 18 hr. ammonium phosphate DM slope culture was inoculated into the liquid DM. The liquid cultures were aerated continuously by vigorous shaking on a Burrell wrist action shaker. Incubation was carried out at 37" for 18 hr.
To cultivate the chloramphenicol-resistant mutant, the organisms were transferred from a stock semi-solid DM stab culture to an ammonium phosphate DM agar slope. After incubation for 18 hr. at 37", a loopful of the slope culture was streaked on a Szybalski gradient plate containing chloramphenicol. The most resistant organisms on the gradient plate were then transferred to an ammonium phosphate DM agar slant containing 20 pg. chloramphenicol/ml. The resulting growth was resuspended in 2ml. DM containing L-aspartic acid instead of NH4H2P0, as nitrogen source and inoculated into 400-500 ml. of the DM containing 20 pg. chloramphenicol/ml. Aspartic acid DM was used since resting organisms which had been grown in this medium exhibited higher degrees of protein and nucleic acid synthesis than ones grown in ammonium phosphate DM. Incubation of the culture was the same as that for the parent strain. Preparation of organim. After incubation, the organisms were harvested by centrifugation and washed three times with phosphate buffered saline (pH 6.9). For growth experiments, the organisms were used immediately ; for resting cell experiments, they were aerated at 37" for 2-3 hr. by shaking in a Dubnoff metabolic shaking incubator, washed once, resuspended in saline, and stored overnight a t 5". The organisms were again aerated for 1 hr., centrifuged and washed once in buffered saline; these will be referred to as resting organisms. Multiplication in defined media during the period of the experiment was at a minimum.
Reaction system. Study of the effect of chloramphenicol on protein and nucleic acid synthesis in defined media was carried out with growing and with non-growing organisms. The organisms were suspended in a solution of KH,PO,, N%HPO,, NaCl and nicotinamide; the concentration was adjusted so that the suspension gave 10 yo light transmittance at 425 m,u with a light path of 18 mm. in a Coleman Model 6B spectrophotometer. This suspension was used in the experiments with non-growing organisms while in the experiments with growing organisms a 1/10 dilution of the suspension in the salt solution was used. Thirty ml. of suspension was mixed with 15 ml. of solution containing NH,H,PO, or a specified amino acid, D-glucose and MgSO4.7H,O. Thc final concentration of all the compounds was the same as that in the defined media used for growth. The organisms were incubated at 37" in a Dubnoff metabolic shaking incubator; duplicate samples were removed for analysis. Nucleic acids and proteins were precipitated with cold 5 yo (w/v) (Burton, 1956) and total nucleic acid by measuring the absorption of the extracts at 260 mp. The Beckman model DV spectrophotometer was used in all the analyses. Numbers of viable organisms were determined by the plate count technique.
RESULTS
The results of experiments with growing cultures of Shigellajlexneri 3 showed that multiplication, ammonia assimilation and protein DNA and RNA synthesis were suppressed by low concentrations of chloramphenicol. However, it could not be concluded from these findings that the inhibition of multiplication was the result of interference with the metabolic processes ; the decrease in metabolic activity might merely reflect a decrease in multiplication. To test this hypothesis, non-multiplying or at least slowly multiplying preparations of organisms, designated resting organisms, were used. There was no detectable increase in numbers of viable organisms during the first 2 hr. of incubation in the defined media, although by this time maximum increases in protein and nucleic acid were attained (Fig. 1) . Studies on ammonia assimilation by resting organisms in ammonium phosphate defined medium showed that the assimilation was not affected by chloramphenicol, of which concentrations as high as 100 ,ug./ml. were used. The previously observed inhibition of ammonia assimilation in growing cultures of S . jlexneri 3 thus appears to be the result rather than the cause of the suppression of multiplication.
The ability of the resting organisms to synthesize protein and nucleic acids in the presence of various nitrogen sources in a mineral salts glucose base is shown in Fig. 1 . The relatively simple nutritional requirements of Shigella jlexneri was indicated by the results. The highest increases in protein and nucleic acids were obtained when the organisms were provided with either ammonium phosphate or as par tic acid. Although the degree of protein synthesis was the same in the presence of these two compounds, considerably more nucleic acids were produced when L-aspartic acid served as nitrogen source. Appreciably less protein synthesis and no detectable nucleic acid synthesis was observed with the other nitrogenous compounds.
The effect of low concentrations of chloramphenicol on protein and nucleic acid synthesis in aspartic acid DM is shown in Fig. 2 ; similar results were obtained with ammonium phosphate DM. The formation of protein was markedly depressed by chloramphenicol; there was almost complete inhibition with 2.0 ,ug./ml. I n contrast to the observed action on protein production, nucleic acid synthesis was markedly stimulated by chIoramphenicol; in the range of 0*5-2*0 pg. chlorampheni~wl/ml., the addition of increasing concentrations resulted in greater stimulation, E'ect of chlorarnphenicol on Shigella flexneri 525 whereas beyond these concentrations the degree of stimulation was decreased. Analyses of the extracts by the Meijbaum technique showed that the observed increase was the result of stimulation of RNA synthesis. Low concentrations of chloramplienicol appeared to depress slightly the rate of DNA formation.
Harrington (1958) reported that the excretion of 260 my absorbing substances by E s c k c h i a coli was increased considerably in the presence of 1.0 yg. chloramphenicol/ml. In contrast, concentrations of 0.5-2-0 yg./ml. had no effect on the rate of excretion of 260 against E. coli. They suggested that the compound acts as an amino acid antagonist.
Experiments were carried out to determine the effect of 0.125 (w/v) of each of these amino acids on the action of chloramphenicol against protein and nucleicacid synthesis by resting S.$exm' 3 metabolizing in L-aspartic acid DM. Chlorampheni- Fig. 3 ; 2 yg. chloramphenicol/ml. which markedly inhibited protein synthesis and stimulated RNA production by the wild type had no effect on the resistant mutant. A concentration of 50 pg. chloramphenicol/ml., which approaches that required for growth inhibition of the mutant, was necessary for the depression of protein synthesis and the stimulation of RNA synthesis. The results in Fig. 3 also show that the synthesizing activity of the resistant organisms was considerably lower than that of the wild type. This finding was not unexpected since it had been observed that cultures of the resistant mutant grew slower than those of the wild type.
DISCUSSION
The findings presented here suggest that, as in Staphylococcus aureus and Escherichia coli, chloramphenicol suppresses the multiplication of Shigella Jlexneri 3 B-1003 through interference with protein synthesis. Further support for this conclusion is provided by the results of experiments with the chloramphenicol-resistant mutant. The increased resistance of multiplication to chloramphenicol was accompanied by a similar increase in the resistance of protein synthesis by the mutant. The stimulation of RNA synthesis in resting Shigella jiexneri 3 B-1003 suggests that chloramphenicol may suppress the formation of protein by altering synthesis of the nucleic acid. As a result, RNA which cannot participate in protein synthesis may be produced or, as proposed by Gale (1958) 
